Introduction

CD4
1 T helper (Th) cells are central to the normal functioning of the entire immune system, 1 coordinating the expansion and regulation of CD8
1 T cells, facilitating B-cell responses, and recruiting and modulating multiple components of innate immunity. [2] [3] [4] [5] The initial antigenic encounter of naive CD4
1 T cells varies depending on the anatomical site, pathogen type, and presence of assorted cytokines and costimulatory molecules, and these variations cause Th cell differentiation into antigen-experienced effectors with distinct functional characteristics termed polarization states.
In their early descriptions of the Th1/Th2 paradigm, Mossman, Coffman and colleagues [6] [7] [8] attempted to explain responses observed in many experimental models of infection, autoimmunity, and allergy.
9 Th1 cells were considered essential for antiviral immunity and for providing help to CD8
1 cytotoxic T cells and were viewed as the main perpetrators of autoimmunity. 10, 11 Th1 cells are promoted by interleukin (IL)-12 (via signal transducer and activator of transcription [Stat]4) signaling and interferon (IFN)-g (via Stat1), which induce the expression of master transcription factor T-box 21 (tbx21, T-bet) and secretion of the hallmark cytokine IFN-g. [12] [13] [14] Th2 cells, induced by IL-4 via Stat6 signaling that up-regulates the transcription factor GATA3, 15, 16 were linked to humoral responses to extracellular organisms or parasites and development of atopy and allergic reactions, [17] [18] [19] [20] producing cytokines that include IL-4, IL-5, and IL-13. It seemed that Th1 and Th2 cells represented mutually exclusive binary epigenetic states because IL-12, IFN-g, and the expression of T-bet inhibited Th2 differentiation, whereas IL-4 and Gata3 expression antagonized Th1 polarization. [21] [22] [23] [24] [25] The discovery of FoxP3-expressing regulatory CD4
1 T cells (Treg) that restrained immune responses complement these early views of Th differentiation. 26 However, not all CD4
1 T-cell activity could easily be classified as either type 1 or type 2. Finally, Th17 cells producing the canonical cytokine IL-17A emerged as the most prominent addition to the old paradigm of two-mode Th polarization.
27,28
Generation of Th17 cells
Harrington et al 29 and Park et al 30 established that Th17 cells were a true distinct lineage whose in vitro generation was enhanced when IL-4 and IFN-g were blocked and was independent of Th1-or Th2-related transcription factors (T-bet, Stat1, Stat4, and Stat6). Induction of the Th17 polarization program was initially attributed to the effect of IL-23 (a heterodimer of p40 shared with IL-12 and p19 subunit) signaling via its distinct IL-23 receptor (IL-23R), triggering the Stat3 pathway 31 ; however, this process produced cultures containing only small fractions of IL-17A-secreting Th cells. 32 Subsequently, Th17 cells were efficiently generated in the presence of transforming growth factor (TGF)-b1 and IL-6, which signaled via Smad family proteins (Smads) and Stat3, respectively ( Figure 1 ). 33 Retinoic acid (RA)-related orphan receptor g thymus (Rorgt), encoded by the gene Rorc, was identified as the master transcription factor defining Th17 cells as a distinct lineage. 34 RA-related orphan receptor a (Rora) was recognized as the additional transcription factor critical for Th17 differentiation. 35 The genetic deletion of Stat3 abrogates Th17 differentiation, and genomewide chromatin-immunoprecipitation sequencing (Chipseq) revealed a broad and pleiotropic function of Stat3 as a promoter of Rorc, Il17, Il17f, and multiple other genes associated with Th17 polarization and survival. 36 The transcriptional network controlling type 17 differentiation also includes Batf/Irf4 complexes that mediate chromatin accessibility, cMaf, Runx1, and hypoxia inducible factor 1 alpha (Hif1a), among others.
37-41 IL-2 signaling via Stat5 attenuates Th17 polarization, and Stat5 has a direct negative effect on IL-17A gene expression. 42, 43 IFN-g and IL-27 (via Stat1) and IL-12 (via Stat4) clearly block Th17 differentiation, but the underlying mechanism remains unclear and possibly related to T-bet repressor activity. 44, 45 Perplexingly, Stat4 deficiency also impairs type 17 polarization, possibly because of lower IL-23R expression. 46 Figure 1. Schematic representation of signaling and transcriptional regulation of Th17 polarization. Th17 cells are induced upon T-cell receptor activation in the presence of cytokines that activate Stat3, including IL-6, IL-21, and IL-23. IL-12 and IFN-g, which signal via Stat4 and Stat1, respectively, promote type 1 differentiation and inhibit Th17 polarization. However, IL-23 also activates Stat4 (not shown), and it remains perplexing that animals deficient in Stat4 have impaired functionality of Th17 cells. Similarly, IL-4 signaling via Stat6 inhibits Th17 polarization and promotes type 2 differentiation. Phosphorylated Stat3 (pStat3) binds to the promoter regions and activates transcription of genes encoding master regulators of Th17 polarization: rorc (encoding Rorgt) and rora (encoding Rora) transcription factors. Batf and Irf4 form a functional complex that plays a central role in Rorgt-mediated activation of the type 17 molecular signature. 41 Together with pStat3, Rorgt and Rora activate the expression of genes The contribution of TGF-b1 to Th17 polarization remains a matter of debate, perhaps in part because it can be found in biologically significant concentrations in culture media containing animal or human sera.
59,60 Animals deficient in TGF-b signaling have Th17 cells in their gut mucosa, 53 and Th17 cells generated using serum-free (thus, TGF-b-free) media in the presence of IL-1, IL-6, and IL-23 coexpress RORgt and T-bet and cause aggressive EAE.
53
TGF-b1 inhibits IL-2-mediated STAT5 signaling and diminishes the expression of the Th1-and Th2-defining transcription factors  T-bet and Gata3, respectively. 61 Thus, at low concentrations, TGF-b1 contributes indirectly to the initial development of Th17 responses but is not critical to the inflammatory milieu that drives type 17 responses. 62 All-trans retinoic acid (ATRA), a vitamin A metabolite produced in the gut mucosa, antagonizes the expression of rorc and promotes in vitro foxp3 expression via its nuclear receptors. 65 Akin to the inhibitory function of TGF-b, ATRA also has been reported to negatively regulate Th1 and Th2 polarization. Both TGF-b and ATRA induce expression of Mir10a that might stabilize iTreg phenotype and limit Th17 differentiation. 66 The same report indicated that physiological concentrations of ATRA might promote, rather than impair, Th17 polarization. 66 Indeed, in vivo ATRA has a proinflammatory effect and is required for the efficient Th17 responses against mucosal pathogens.
67
Aryl hydrocarbon receptors (AHRs) are the cytosolic receptors with transcription factor activity that have been reported to promote Th17 polarization. 68 AHRs sense a variety of small natural and manmade compounds including products of tryptophan metabolism and highly toxic dioxins, providing an intriguing link between the environment and autoimmunity. 69 Early Th17 polarization induces high expression of AHRs, and AHR-deficient animals are partly protected from the induction of EAE. 68 Gut-residing commensal microbiota can profoundly affect Th17-mediated immunity and autoimmunity. Germ-free animals have fewer intraepithelial intestinal Th17 cells and an attenuated form of autoimmune arthritis but develop severe arthritis after exposure to segmented filamentous bacteria. 70, 71 Conversely, infected nonobese diabetic (NOD) mice were protected from the progression of diabetes.
72
Th17 cells as mediators of host defense against infection
Under physiological conditions, IL-17-producing CD4
1 T cells reside mainly in the lamina propria of the small intestine but are readily induced at other mucosal sites during infection or vaccination. 34, 71, 73, 74 Consequently, Th17 cells and type 17-associated cytokines contribute to the protection against a variety of predominantly extracellular bacterial and fungal pathogens in the gastrointestinal tract, airway, lungs, and skin. 75, 76 Th17 cells secrete IL-17 (IL-17A), IL-17F, and IL-17A/F heterodimers, as well as IL-21, IL-22, granulocyte macrophagecolony-stimulating factor (GM-CSF), and many other factors. 77 The proinflammatory effects of IL-17 are mediated through the IL-17 receptor (IL-17R), composed of IL-17RA and IL-17RC subunits. 78 IL-17R is widely expressed by immune system cells (T and B lymphocytes and neutrophils), and by many other tissues (epithelium, endothelium, fibroblasts, mesenchymal stromal cells, and keratinocytes). 78 Thus, IL-17 is highly pleiotropic, causing a variety of inflammatory effects that link adaptive and innate immunity. 75 Other rich sources of IL-17 include gs T cells and innate lymphocytes.
IL-17A promotes granulopoiesis by triggering the secretion of granulocyte-colony-stimulating factor in bone marrow stroma, 79 and IL-17R-deficient mice show a deeply impaired ability to reconstitute following irradiation. 80 In the gut, IL-17 maintains mucosal homeostasis and integrity. 81 IL-17 induces GM-CSF, tumor necrosis factor (TNF)a, IL-1b, IL-6, and multiple chemokines and chemokine receptors that act as powerful chemoattractants for granulocytes. IL-17 also mediates formation of inducible secondary lymphoid tissues following local infection. 82 IL-17 and Th17 cells play an important role in immunity against Klebsiella pneumoniae 73 and many other bacteria including Staphylococcus aureus, Citrobacter rodentium, Salmonella and Shigella sp., and Bordetella pertusis. 76, 83 Th17 cells may augment Th1 responses against some intracellular pathogens (Mycobacteria and Francisella tularensis). 84, 85 Th17 cells are also involved in protection against mucocutanoeous candidiasis via the stimulation of pattern recognition elements (Dectin 1 and Dectin 2) in macrophages and dendritic cells. 86 The role for Th17 cells and IL-17 in immunity against Asperillus fumigatus and some other fungi is more controversial and possibly detrimental. 75, 87 IL-22 and IL-17 synergistically trigger production of many antimicrobial peptides and proteins (b-defensins, S100 proteins, regenerating islet-derived protein 3 g, and lipocalin 2 93 Similar sequelae are seen in HIV infection, which is associated with early preferential loss of Th17-mediated mucosal immunity in the gut.
92 Th17 depletion in the gastrointestinal tract leads to rapid disease progression in simian immunodeficiency virus-infected macaques, whereas sooty mangabeys that retain Th17 cells in the gastrointestinal mucosa are protected.
94
Th17 cells as mediators of tissue damage
Early discoveries of IL-23 as an inducer of Th17 cells revealed their capacity to induce EAE, a disease initially attributed to Th1 cells and induced in the presence of IL-12 (a heterodimer of IL-12 p40 and p35 subunits). However, animals deficient in the IL-12 p35 subunit developed EAE despite diminished Th1 responses 95 because they retained IL-23, which is a heterodimer of IL-12 p40 and a distinct p19 subunit. 31 These experimental data were complemented by studies linking genetic polymorphisms of IL-23R and its downstream signaling pathways with susceptibility to human autoimmune diseases including inflammatory bowel disease, psoriasis, and aplastic anemia.
96-98
Tissue damage by Th17 cells might be caused by direct recognition of the antigen-specific target, or it can result from the recruitment of neutrophils and macrophages into the microenvironment. 99 In EAE, IL-17 induces reactive oxygen species production in the endothelium, leading to a disruption of the blood-brain barrier. 100 IL-17 promotes inflammatory cytokines (IL-1 and IL-6) and CCL20 (MIP3a), a potent chemotactic factor for myeloid cells, and additional Th17 cells expressing high levels of its receptor CCR6.
101 IL-9 produced by Th17 cells exacerbates EAE via its effect on T cells and IL-6-secreting macrophages.
102 Th17 cells also produce GM-CSF, 103, 104 which acts on myeloid cells by induction of IL-1, IL-6, and IL-23 and major histocompatibility complex class II expression. 103 Blockade of GM-CSF signaling effectively protected mice from autoimmunity. 104 Nevertheless, despite the latest emphasis on Th17 cells, both Th1 and Th17 cells can cause EAE and murine uveitis manifestations, albeit with distinct histopathological features. [105] [106] [107] Furthermore, both type 1-and type 17-related factors can be produced by pathogenic Th17 cells, but both subsetdefining cytokines, IL-17A and IFN-g, are dispensable, whereas T-bet, thought of as the master transcription factor for Th1 cells, may be essential for pathogenicity of Th17 cells in EAE. 108 Recently, TGF-b3 was identified as a critical IL-23-and T-bet-dependent factor produced by the highly pathogenic Th17 population. 109 Moreover, the presence of TGF-b3 during initial Th17 polarization induced highly encephalitogenic T-bet-independent type 17 cells.
In patients with multiple sclerosis, elevated frequencies of Th17 cells were found in peripheral blood, and double producers of IL-17A and IFN-g have been reported in central nervous system (CNS) lesions, mimicking the findings observed in mice with EAE. However, depletion of IL-23 in patients with multiple sclerosis caused only minimal improvement in disease control, possibly because of poor CNS penetration of anti-IL-23 antibody formulation used clinically or deficiencies in the mouse model.
110
Th17 responses are associated with psoriasis, where IL-23, IL-17, and IL-22 seem to contribute to the development of the human disease. 111, 112 In mice, IL-22 is crucial in inducing psoriatic-like lesions with acanthocytosis in kerationocytes. 113 Targeting the p40 subunit of IL-12/IL-23 with the monoclonal antibody ustekinumab appears to be highly effective in patients with psoriasis. 114, 115 Recently, a phase 2 clinical trial of the anti-IL-17 receptor monoclonal antibody brodalumab in patients with psoriasis demonstrated significant improvement in a majority of patients. 116 IL-23 directly drives pathogenic Th cells in a mouse model of colitis. 117 Whereas IFN-g is required for tissue damage, the role of IL-17 remains disputed. 118 IL-17 might protect the colon via inhibition of colitogenic Th1 differentiation. 119 Likewise, IL-22 from Th17 and natural killer cells might attenuate the development of intestinal pathology via Stat3-mediated effects on epithelial cells. 120, 121 In contrast, IL-21 significantly potentiates pathogenic effects of Th17 cells in the gut. 122, 123 Increased frequency of IL-17-secreting CD4
1 T cells can be found in the gut of patients with
Crohn disease, 124 and these cells express CD161 in addition to the previously described CCR6 and CCR4 chemokine receptors. 101, 125 In the clinical randomized proof of concept trial, the human anti-IL-17A monoclonal antibody failed to control the symptoms of Crohn disease and was associated with increased adverse events in comparison with the placebo, 126 whereas depletion of IL-23 with ustekinumab was more effective. 127 This might underscore the role of IL-23 not only in Th17 responses but also as a driver of inflammation mediated by the innate lymphoid cells that are abundant in the colonic mucosa. 128 Multiple other autoimmune diseases including rheumatoid arthritis, uveitis, atherosclerosis, emphysema, and allergies have been associated with Th17 responses in murine models and in patients. 129, 130 Currently, various agents modulating the type 17 axis of inflammation are under development. Recently, digoxin has been shown to inhibit Th17 development, and novel small molecules that modulate Rora and Rorgt activity have been described. 131, 132 Nevertheless, IL-23 rather than IL-17 plays a central role in Th17-related autoimmunity, and pathogenic Th17 cells usually evolve and display Th1-like characteristics.
Th17 cells in GVHD
Graft-versus-host disease (GVHD) is a complex immune syndrome that develops in organ-specific sites under influences of a variety of inflammatory conditions. 133 The resemblance of GVHD to some autoimmune diseases has shed light on Th17 biology. 134 IL-23R polymorphism might be a prognostic factor in patients undergoing allogeneic stem cell transplantation, 135 and highly polarized allogeneic Th17 cells can induce severe forms of GVHD in mice. 136 However, Th17 responses are frequently described as "sufficient but not necessary" for the development of GVHD, as evidenced by pathogenicity of IL-17A or Rorgt-deficient Th cells. 137, 138 Concurrent elimination of T-bet and Rorgt was reported as protective against BLOOD, 28 MARCH 2013 x VOLUME 121, NUMBER 13 Th17 CELLSGVHD development in fully mismatched settings (C57/BL6 into BALB/c), whereas the graft-versus-leukemia effect was spared. 139 Perplexingly, a recent report demonstrated reduced numbers of Th17 cells within the lamina propria of animals with GVHD, but the development of GVHD colitis was attributed to the critical role of STAT3 signaling that promoted instability and plasticity of the nTreg compartment and blockade of iTreg generation. 140 In a more clinically relevant haploidentical transplant model, rorc-deficient CD25-depleted CD4 1 T cells induced only a mild form of GVHD. 141 This protective effect correlated with diminished systemic levels of TNF-a and IL-17A, but colonic levels of IL-17A were preserved in mice treated with rorcdeficient CD4
1 T cells. In the same model, tbx21 2/2 cells caused marked GVHD. Undoubtedly, the functional plasticity of the Th17 subset that can produce Th1-like progeny is important for a better understanding of their complex role in mediating GVHD. 134 Reminiscent of some autoimmune conditions, the role of IL-17 in GVHD is unclear, and IL-22 might be protective to colonic mucosa. IL-21, IL-6, IL-23, STAT3, and RA receptors have been reported as potentially useful targets for therapeutic intervention.
142-145
Th17 cells and cancer
Carcinogenesis as a consequence of chronic inflammation was described in the 19th century by Rudolph Virchow. There is a strong correlation between cancer and autoimmunity (eg, in inflammatory bowel disease) or prolonged inflammation caused by cigarette smoke or chronic infection, such as Helicobacter pylori or hepatitis. 146, 147 Inflammation, especially involving Stat3 signaling pathways, plays an important role in the induction, progression, and metastasis of tumors either directly or by modulation of the various components of tumor stroma, recruitment of myeloid cells, and impairment of T-cell responses.
148,149 IL-1, IL-6, IL-21, and IL-23 are frequently induced in the proinflammatory tumorigenic microenvironment, and Th17 cells are commonly found in precancerous and cancerous lesions. 150, 151 The role of Th17 cells in protection or progression of tumors is controversial. 152, 153 IL-17 promoted tumor neovascularization in nude mice, 154 supported neoplastic growth directly or via induction of IL-6, 155 and induced myeloid suppressor cells, 156 but could be also protective in immunocompetent animals. 157, 158 Th17 cells can suppress CD8-mediated immunosurvillance. 159 Genetic Rorgt deficiency results in a slower growth of transplantable melanoma, and elimination of IL-23 or IL-21 inhibits carcinogenesis in some models. [160] [161] [162] On the other hand, exogenous inflammatory cytokines can activate immune responses against tumors. 163, 164 In humans with cancer, the presence of Th17 cells is a poor prognostic indicator in some studies and a favorable indicator in other reports. 153, 165 The unknown antigenic specificity of the Th populations in question undermines many animal and clinical studies. Furthermore, Th17 cells are often viewed as static and incapable of plasticity. We investigated the relative antitumor activity of Th1 and Th17 cells in the setting of adoptive immunotherapy of murine B16.10 melanoma using T-cell receptor transgenic CD4
1 T cells recognizing melanocyte differentiation antigen tyrosinase related protein 1 (TRP-1). 166 Th17-polarized TRP-1 cells swiftly eradicated large (.1 cm 2 ) B16.10 melanomas on transfer into tumorbearing C57/B6 animals, whereas Th1-polarized TRP-1 cells were significantly less effective. TRP-1 Th17 cells recruited endogenous cytotoxic CD8
1 T cells into pulmonary metastases. 167 The potency of tumor-specific type 17 responses has also been demonstrated using murine CD8 1 T cells (Tc17) and genetically engineered human CD4 1 T cells.
168,169
Fate of Th17 cells: plasticity with constraints
The Th1/Th2 paradigm implied that polarized lineages were mutually exclusive and stable, because of the self-enforcing nature of the signals involved in the acquisition of each lineage. This view of fixed phenotype and function was also initially applied to the newly defined Th17 subset. However, IL-17A and IFN-g doubleproducing cells are found in vivo, suggesting that Th17 cells could at least in part function like Th1 cells. 77 In the setting of immunotherapy of melanoma with Th17-polarized TRP-1 cells, in vivo elimination of IFN-g or T-bet abrogated the antitumor effect of adoptively transferred Th17 cells, suggesting evolution of a transferred population into a Th1-like subset. 166, 170 This late developmental plasticity of the Th17 lineage was examined in detail using the IL-17F reporter system by Lee et al, 171 who demonstrated that type 17 cells could be maintained as such in the presence of TGF-b and IL-23 but were readily converted into the IFN-g-secreting population on restimulation in the presence of IL-12 or IL-23 and in the absence of TGF-b. An analogous switch occurs in vivo where transferred IL-17F-expressing CD4
1 T cells
give rise to IFN-g-producing colitogenic effectors. 171 In a model of diabetes mellitus, Th17 cells converted into pathogenic IFN-gproducing daughter cells in lymphopenic conditions, but in the intact (lymphoreplete) recipients, the same Th17 cells caused only benign insulitis and maintained a stable type 17 phenotype. 172 The observed stability or plasticity of Th subsets is governed by the epigenetic regulation of the key transcription factors and cytokines determining the polarization status. 173 Whether a particular gene is poised for expression or not is determined by the chromatin structure, as well as histone and DNA methylation states. Wei et al 174 1 T cells infiltrating CNS were yellow fluorescent protein hi and thus of Th17 origin, although they ceased secretion of IL-17A and switched to production of IFN-g or other cytokines. This in vivo conversion was critically dependent on IL-23. In contrast, in acute cutaneous candidiasis, responding Th17 cells remained firmly committed to IL-17 production, possibly because of low local levels of IL-23. Thus, in vivo-induced murine Th17 cells display contextdependent stability or flexibility, just like Th17 cells generated in vitro. If the same phenomenon is true in the case of human Th17 cells remains to be determined; however, T-cell receptor clonotypes present in the Th17 cell compartment and Th1 compartment found in joint fluid recovered from patients with juvenile rheumatoid arthritis were remarkably similar, suggesting in vivo conversion. 176 In another report, Th17 cells specific for the cancer testis antigen MAGE-A3 isolated from a patient with lung cancer were readily converted into IFN-g-secreting Th1-like effectors. 177 Overall, the Th17 cells generated in vitro or in vivo can maintain the pure type 17 phenotype or can acquire certain type 1 characteristics on secondary stimulation. This plasticity, while significant, is clearly restrained by the epigenetic status of the genes encoding for the master transcriptional regulators and cytokines. As a result, the observed plasticity is asymmetrical because committed Th1 cells cannot easily acquire Th17 features. Thus, the plasticity of Th cell subsets is constrained and in this regard is similar to other self-renewing tissues with stem cell functionality as postulated by Hal Waddington almost 60 years ago; differentiation is strictly controlled in its directionality, and once differentiated, cells rarely if ever revert to the plastic progenitor state, in a way analogous to biochemical or physical process of entropy. 178 
Maturational aspect of Th plasticity
Development of long-term memory is one of the key features of adaptive immunity and is crucial for the ability to mount effective protection on the subsequent antigenic encounter. lo ) but can be identified by the presence of some activation markers (Sca1 in mice and CD95 in humans). 181 T SCM also shares certain molecular traits common to other selfrenewing populations including the activity of the Wnt/b-catenin pathway that contributes to the maintenance of normal and transformed stem cells and the development of thymocytes. 182 Inhibition of GSK3b during antigenic stimulation of naïve CD8 1 T cells stabilizes b-catenin and enhances T SCM formation. 181 Stabilized b-catenin induces Tcf7 gene expression that encodes T-cell factor 1 (Tcf1). Tcf1 participates in maintenance of memory T cells and Tregs in vivo. Its forced overexpression prevents secretion of type 1 and type 17 effector molecules (IFN-g and IL-17A, respectively) and promotes Th2 differentiation.
183,184 CD8
1 T EM cells are highly cytotoxic in vitro but display very poor persistence and antitumor effect in vivo; thus, they behave in a senescent manner. 179,185-186 T CM and even more dramatically T SCM cells that do not achieve full terminal differentiation in vitro are far more effective in eradicating the tumor in vivo, and this is associated with superior persistence. 181, 185 Therefore, therapeutic activity and self-renewal potential can be used as surrogate measurements of the maturational stage of the particular effector population.
179,185
When judged by some common phenotypic markers, Th17 cells appear to resemble terminally differentiated T EM cells, with low expression of CD62L, CD45RA, and CD27, a costimulatory molecule important for survival of T cells that is down-regulated with advanced maturational stage. 170 In contrast, Th1 cells maintain a high expression of CD27, and on in vitro polarization, they retain a higher frequency of CD62L hi cells. Because of the terminally differentiated phenotype (CD27 lo ), Th17 cells were described as short lived and unable to form long-term memory. 74 However, type 17 responses can be clearly protective against rechallenge in immunization models. 73 This assertion was also at H on lysine 4 (H3K4me3) is considered permissive for gene expression, whereas trimethylation of lysine 27 on histone 3 H (H3K27me3) is a marker of gene silencing. In some cases, both states can be found in a gene locus, thus making it susceptible for either expression or negative regulation. (B) Plasticity of Th1, Th17, and iTreg cells is constrained by the epigenetic status of genes encoding for the master transcriptional regulators of polarization and canonical cytokines. Th17 cells display permissive H3K4me3 histone modification over the rorc and il17 genes and bivalent, poised status over loci encoding for tbx21 and foxp3, thus substantiating the relative instability of this subset and its propensity to evolve into Th1 progeny. In contrast, Th1 cells display only repressive H3K27me3 methylation status over gene loci encoding for rorc and Il17, rendering them much more stable. iTregs are another relatively unstable subset that can acquire Th1 or Th17 properties, based on the poised bivalent status of type 1-or type 17-associated genes.
BLOOD, 28 MARCH 2013 x VOLUME 121, NUMBER 13 Th17 CELLSodds with observations from adoptive cell transfer experiments, where even highly purified Th17 cells can survive, persist, and retain functionality, as evidenced by protracted tissue damage in some models of autoimmunity or GVHD. 136, 187 The persistence of Th17 cells is robustly observed in the TRP-1 model of cancer immunotherapy, where Th17 cells are highly effective in eradicating the tumor, whereas Th1 cells are less efficient. 166, 170 Furthermore, TRP-1 Th17 cells purified for the lowest expression of CD27 showed the highest in vivo activity and survival. This finding is consistent with a recent report that CD27 signaling reduced the incidence and severity of disease in an EAE model. 188 Therefore, we hypothesized that despite certain phenotypic features of advanced maturation, considerable multipotency and plasticity demonstrated by Th17 cells indicated that these cells are not terminally differentiated, at least when induced in vitro. Despite their phenotype, Th1 cells might represent a more differentiated subset with less capacity to expand, persist, and eliminate tumors in vivo (Figure 3) .
The developmental program associated with Th17 plasticity has been elucidated using global gene expression profiles of transferred Th1 and Th17 cells. Indeed, molecular signatures of persisting Th1 and Th17 cells underwent rapid convergence, and Th17 cells readily down-regulated expression of type 17-defining cytokines (IL-17A, IL-17F, IL-21, and IL-22) and up-regulated transcripts associated with type 1 polarization (tbx21 and Ifng). Recent reports describe a role of T-bet expression gradient as a regulator of CD4 1 T-cell memory formation, with highly Th1-polarized T-bet hi cells displaying end-effector features and a short lifespan, whereas Th cells with a lower expression of T-bet formed a long-lived stable T CM population. 189, 190 This to some degree mimicked our observations, as long-lived ex-Th17 cells acquired T-bet expression, albeit at levels lower than their Th1 counterparts.
Multiple other transcripts remained differentially expressed. This difference between persisting Th1-and Th17-derived cells was analyzed by gene set enrichment analysis that revealed the core molecular program of long-lived Th17 cells resembled that of CD8
1 T cells at an early stage of differentiation, even after they converted to a Th1-like subset in vivo. 191 Reciprocally, the Th1 population acquired a global signature of terminal differentiation and senescence, with high expression of molecular and phenotypic markers of an advanced maturational stage, including cytotoxic effector molecules (granzymes, perforin), klrg1 and other killerlike lectin receptors, and prdm1 (a gene encoding a molecular marker of terminal Th1 differentiation, Blimp1). 170 Furthermore, Th17 cells overexpressed tcf7 and some other downstream molecules of the Wnt/b-catenin signaling pathway. In CD8 1 T cells, the level of tcf7 expression closely correlates with the maturational status of T cells: it is highly expressed in naïve T cells and is gradually lost following antigenic stimulation and acquisition of the T CM phenotype. 180 T EM cells have the lowest tcf7 expression. Thus, tcf7 expression might be used as a possible surrogate marker of maturational state and self-renewal capacity. Strikingly, Th17 polarization in vitro induced tcf7 expression higher than in a naïve starting population. This was associated with a massive accumulation of stable b-catenin in Th17 cells, therefore mimicking a molecular signature found in naïve and T SCM cells induced by activation of Wnt signaling or pharmacological inhibition of GSK3b, 179 but in type 17 cells, it most likely resulted from downstream effects of IL-6 or IL-1 mediated by phosphatidylinositol 3-kinase/Akt activity. As indicated by Luckey and Weaver, 192 many questions regarding the CD4 1 memory and self-renewal remain unanswered, but functionally, Th17 cells displayed traits similar to T SCM , as they were long lived, demonstrated plasticity, and gave rise to more differentiated Th1-like progeny, but also retained the ability to self-renew as IL-17A producers. The findings from the murine model were substantiated by the description of stem cell-like behavior and a self-renewal molecular program in human Th17 cells that express high levels of HIF1a and antiapoptotic molecule BCL2. 193 Intriguingly, the Stat3 signaling pathway that induces Th17 differentiation is critical for survival of long-lived memory T cells but also plays an important role in maintenance of normal and malignant self-renewing populations with attributes of stemness.
Beyond Th17: expanding spectrum of Th subsets
The discovery of Th17 cells has been followed by the realization that Th effectors can produce various other cytokines alone or in combination in patterns not fitting the preconceived definitions of Th1/Th2 or Th17 subsets. These findings have led to the description of additional Th cell lineages, including Th22, Th9, and, most notably, follicular T helper cells (Tfh). The plasticity, stability, and potential for memory formation by each of these subsets remain yet to be elucidated.
Tfh cells express CXCR5 and predominantly traffic to lymph nodes where they provide help to B cells and produce IL-21 (just like Th17 cells). 194 Tfh cell induction is governed by Stat3 and the expression of Bcl6, a molecule important for the maintenance of CD8 1 memory. Bcl6 is a prosurvival transcriptional repressor that antagonizes Blimp1, a molecule that drives terminal differentiation of T cells; thus, the balance between these two factors might have maturational implications. 195 Likewise, Tfh cells have a high capacity to form long-term memory. 196 The relationship of Tfh with other Th cell subsets such as Th1, Th2, and Th17 cells remains unclear, and cells have been investigated mostly in the context of infection in vivo and humoral immunity. 196, 197 When observing the in vivo responses to infection, it is difficult to ascertain the sequence of maturational events with long-lived cells emerging on contraction of the massively expanded effectors induced by the presence of pathogen. Thus, it is conceivable that Tfh cells might represent a self-renewing, plastic, and nonterminally differentiated early memory subset.
Th22 cells producing only IL-22 but neither IFN-g nor IL-17A have been identified in humans. 198 They are induced in the presence of TNF-a and IL-6 and require ligation of Ahr. Phenotypically, they can be identified by expression of CCR10 and the presence of some typical markers of human Th17 cells (CCR4, CCR6). 200 Th22 cells via IL-22 influence the function of mesenchymal and epithelial cells and have been implicated in the dermatopathology of psoriasis and atopic dermatitis. [199] [200] [201] Th9 cells are induced in the presence of IL-4 and TGF-b1, but their master transcription factor has not been identified, and the functional roles of Th9 cells and IL-9 are ill defined. Recent findings demonstrated that IL-9 is expressed only transiently and is predominantly produced in vivo not by Th9 cells but by a novel subset of innate lymphoid cells termed ILC2. 202 Willhelm et al 203 theorized that IL-9 might have a regulatory and prosurvival function for many lymphoid and myeloid cells. A recent report described the development of endogenous antitumor Th9 responses in Rorgt-deficient animals and proposed a protective role for IL-9 in tumor immunity.
162,204
Conclusions
Recent years have brought a new level of appreciation of the complexities involved in the function of effector CD4 1 Th cells.
The discovery of Th17 cells has filled the gaps and deficiencies existing in the previous simplistic Th1/Th2 paradigm and has revolutionized our understanding of immune responses against certain pathogens and pathophysiology associated with development and progression of some autoimmune diseases or genetic defects of host defense, progression of HIV and development of AIDS, solid organ transplantation rejection, and GVHD. In addition, Th17 cells have been described as mediators of carcinogenesis, by facilitating early progression of solid and hematologic malignancy through the direct effects of inflammatory cytokines on some cancer cells, but more frequently by impairing immune surveillance or promoting neovascularization and supporting stroma.
The investigation of Th17 cells led to a new appreciation of the flexibility and plasticity of Th cell-mediated immunity. In contrast The initial differentiation toward the Th17 subset prevents the effector cells from a premature acquisition of terminal differentiation that is associated with highly polarized Th1 cells. Instead, these cells acquire a molecular program reminiscent of the recently described T SCM subset that is functionally characterized by selfrenewal, persistence, and the ability to efficiently form memory and at the same time generate more differentiated progeny critical for in vivo effector function. Thus, polarization of Th cells conveys not only characteristic phenotypic and cytokine profiles but also has a maturational aspect in the spectrum from early self-renewing subsets to those that are senescent. 
